The operating conditions of Horizontal Axis Wind Turbine (HAWT) are extremely complex in natural surroundings. One of the wind conditions is called extreme wind direction change which has been specified in the International Electrotechnical Commission (IEC) 61400-1 standard. External conditions can generate extreme loads which may affect the power coefficient and the lifetime of HAWTs. This paper attempted to compile the evaluation of the aerodynamic forces acting on a small HAWT under extreme wind direction change condition in the wind tunnel experiments. An Avistar airfoil is used for the two-bladed and three-bladed wind turbines. This study is intended to clarify the load fluctuation when sudden wind direction change reacts to two-bladed and three-bladed wind turbines. A vane system is used to generate the wind direction change. A 6-component balance is used to measure the forces and the moments acting on the entire wind turbine in the three directions of x, y and z-axes. The results show that when the extreme wind direction change is generated, the yaw moment fluctuation amplitude of two-bladed wind turbine is about 39% larger than that of the three-bladed one. The strong dependence of the inflow timing of the wind direction change on the fluctuation amplitude can be seen only for the two-bladed wind turbine.
Introduction
The employment of wind turbines has been growing rapidly in recent years because of their potential for carbon free power generation (Yang et al., 2003; Li et al., 2014; Burton et al., 2001) . In natural, wind is usually unsteady with high levels of turbulence in the short time, resulting in air flows characterized by rapid changes in the speed and direction (Burton et al., 2001; Emre Alpman, 2015; Li et al., 2016a) . One of the wind conditions is called the extreme wind direction change, which is being focused on in this study. The Extreme direction change (EDC) has been defined by the International Electro-technical Commission (IEC) 61400-1 standard (IEC61400-1, 2005). The design of wind turbines can allow them to withstand extreme wind direction change. Wind turbine structures, involving the extreme loading and fatigue loading, are fairly difficult to characterize because they have variable amplitude and varying intensity depending on the environmental wind climate.
The three-bladed wind turbines have been selected for almost all wind power projects. Compared with the two-bladed design, the three-bladed wind turbines have a smoother power output and more balanced rotational force. Moreover, the three-bladed HAWTs are easier to start and generate lower noise than the two-bladed HAWTs (Tim Fischer, 2011) . The two-bladed HAWTs can reduce the load fluctuation due to non-uniform inflow such as wind shear. However, the upward pointing blade experiences a stronger load than the downward blade. So, it is very different to rationally evaluate the performance of HAWTs, especially in the case of EDC. HAWTs operation in the natural variable wind direction can be very easily moved by the diagonal flow style. Thus, when the sudden wind direction change occurs, the large fluctuated loads are applied to wind turbine.
To date, various experiments and studies were performed to study the effects of the gust and extreme wind direction change on the aerodynamic performance of wind turbine. In order to investigate the indication of the validity of the magnitudes specified in the IEC code, Hansen et al. identified statistically the magnitudes of a joint gust event defined by a simultaneously wind velocity and direction change (Hansen et al., 2007) . The obtained results showed that the wind velocity gust amplitude indicated a good agreement with the recommended ECD value of 15 m/s when it occurred simultaneously with a wind direction change. Kanev et al. focused on the problem of extreme wind gust and direction change recognition and extreme event control, based on the structural dynamic system (Kanev et al., 2010) . They can prevent the rotor speed from exceeding the over-speed limit by the fast collective blade pitching.
Furthermore, Larsen et al. used asymptotic statistical models on closed form, the result presented a rational and consistent calibration of four extreme external conditions defined in the IEC 61400-1 standard (i.e. extreme operating gust, extreme wind shear, extreme coherent gust with direction change and extreme wind direction change) (Larsen et al., 2008) . It was found that the IEC specification of wind direction component of the ECD case showed substantially overestimated value for all the mean wind velocities. In order to analyze the effect of extreme wind conditions on the aerodynamic performance of HAWTs, Alpman compared the wind turbine performance at the wind velocities of 7, 10, 13, 15, and 20 m/s, using CFD simulations (Emre Alpman, 2015) . As can be seen from this research, variations in wind velocity had non-significant impact on the blade loads at low wind velocities. However, the extreme operating gust and extreme direction change conditions had significant impact as the wind velocity increased.
However, it has not been deeply investigated to the load fluctuation between two-bladed and three-bladed wind turbine in the case of the extreme wind direction change. In the future, wind turbine will grow in the size and capacity per unit, so selecting a suitable wind turbine type is necessary. Therefore, investigates of the impacts of extreme wind direction change on the load fluctuation of HAWTs, the two-bladed and three-bladed wind turbines are conducted to evaluate the load fluctuation to rapid transients when the sudden change or emergency stop of inflow wind occurs in a wind tunnel. 
Notations

1
Experimental methods
In this study, measurements are performed in the two wind tunnels: small wind tunnel and large wind tunnel. The small wind tunnel is used to measure the lift and drag coefficients of airfoil section. The large wind tunnel is used to test the effect of extreme wind direction change on the load fluctuation of the rotor blade.
Measurement of lift and drag forces
Lift and drag forces Figure 1 shows the distribution of pressure taps used for calculating the lift and drag forces. The forces acting on the characteristic length si are obtained by (pi-p0)si. The lift force FL and the drag force FD per unit blade width, together with all the forces acting in the lift direction and drag direction, are obtained by integrating over the entire blade surface. They can be determined as follows:
Here, p0 and pi are the reference pressure point and measured pressure at the i-th tap of airfoil, respectively, θi is an inclination angle against the blade chord line at the i-th of the measured pressure tap, and α is an angle of attack.
Non-dimensional lift and drag
The pressure coefficient CP acting on the blade surface is obtained by the non-dimension of dynamic pressure as the following
Here, ρ represents the air density and U is the mainstream velocity. Maeda et al., 2012) and Li (Li et al., 2015 (Li et al., , 2016b (Li et al., , 2016c (Li et al., , 2016d .
Sang, Murata, Morimoto, Kamada, Maeda and Li, Journal of Fluid Science and Technology, Vol.12, No.1 (2017) The blade is an Avistar airfoil, as shown in figure 3 . In order to measure pressure distribution applied to the rotor blade surface, in the span of airfoil center height, one of the rotor blades is provided with pressure taps with a diameter of 0.4 mm and the total number of 23. As shown in Fig.1 , the red circles depict the position of pressure measurement taps. The pressure sensors are DSA-ENCL3016 modules, which have 16 measurement ports for each module. Figure 4 shows the twist angle distribution and the chord length distribution of the test blade. Wind turbine model replaces a number of blades at turbine hub, which other structures are not changed to make two-bladed and three-bladed wind turbines. In this experiment, due to the using of the same airfoil, the solidity of three-bladed wind turbine is 1.5 times as higher as the two-bladed wind turbine.
The used wind turbine models have a rotor diameter of D = 1.6 m, and the mainstream wind velocity is set at 8.0 m/s. The two different wind turbines have the same components and parameters rather than the numbers of blades. Figures 5 and 6 show the photos of the two different wind turbines.
Sudden wind direction change equipment
Vanes are installed at the air passage outlet of the wind tunnel to change the wind direction rapidly. Fig. 2 describes the schematic of the experimental apparatus used to investigate the wind turbine load fluctuation at the case of the sudden wind direction change.
The sudden wind direction change equipment is connected to two servo motors and a variable vane array of 16 columns divided into three stages of upper, middle and lower. The servo motors are Nikkidenso ND400-160-LS. The cross-sectional shape of the variable vane row is a NACA0012 airfoil with the chord length of 0.3 m. The variable cascade of 16 columns is connected to a link mechanism and can be set to any angle by those servo motors. This system is called Louver system and can adjust the wind direction.
Six-component balance
A six-component balance is installed in the region between the nacelle and the tower as shown in Fig. 2(a) . It can measure the forces and moments applied to the entire wind turbine in the three directions of x, y and z-axes, illustrated in in Fig. 2(b) . The measurement values detected from the six-component balance can be transmitted to the PC from the signal processor as a digital value. The load forces acting on the rotor are calculated on the basis of rotor center, which is defined as the origin of the coordinate system in the measurement.
Experimental Results
In this section, the effects of wind direction change on the wind turbine loads are discussed. Firstly, the lift and drag coefficients of Avistar airfoil are measured by a multiport pressure measurement device in the small wind tunnel. And then, the wind direction change characteristics are studied with the wind direction change equipment in the large wind tunnel. Finally, the load fluctuation of the wind turbines is also investigated under the condition of the sudden wind direction change.
Avistar airfoil experiment
Two-dimensional airfoil performance experiments are conducted in the cases of the Reynolds numbers of Re = 0. From the results of the above two-dimensional airfoil performance experiment, Avistar airfoil is confirmed stable airfoil performance when Re  1.0×10
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. So, the Reynolds numbers don't have a significant effect on the wind turbine performance. On the other hand, in this study, the Re has a smaller value comparing with full-scale wind turbine which typical Re range is from 0.7×10 6 to 10×10 7 (Wilson RE, 1994 . In that case, the effects of Reynolds number on the airfoil performance can be ignored.
Wind turbine performance in steady wind
This experiment is performed without extreme wind direction change. The wind turbine is operated in the mainstream wind velocity of 8 m/s with the yaw misalignment of 0 degrees. The output power is evaluated by the torque of the main rotor shaft and the rotation speed. These parameters are measured by a servo motor system. figure, for the two-bladed wind turbine, the maximum power coefficient is obtained at the tip speed ratio of λ = 7.15. In the case of three-bladed wind turbine, the optimal tip speed ratio is λ = 5.62. Compared with the two-bladed wind turbine, the optimal tip speed ratio of three-bladed one is lower. Because the solidity of three-bladed wind turbine is larger.
Extreme wind direction change experiment
In order to inspect the effect of the extreme wind direction change on wind turbine, the wind condition and load analysis are discussed at several cases in the wind tunnel.
The sudden wind direction change in experimental conditions is set according to the EDC. Changes over time in the wind direction from the EDC model θ (t) is defined by the following equations (6) 
Here, θe is the wind direction change angle, T is the sudden wind direction change time, σ1 is the standard deviation of the mainstream wind velocity, Vhub is the hub height wind velocity, D is the rotor diameter, and 1 is the turbulence scale parameter, respectively.
In this study, the 10 MW wind turbine is assumed, the rotor diameter is D = 200 m, the hub height wind velocity is Vhub = 11 m/s, the turbulence scale parameter is 1 = 91 m, and the wind direction change angle is θe = ± 28.2 °. In addition, according to the IEC61400-1 standard, the extreme wind direction change time is given as T = 6 s. Considering the scale ratio between the actual and modelled wind turbine, it is necessary to set up the sudden wind direction change time at the appropriate time scale. The wind turbine model has a rotor diameter of D = 1.6 m and the mainstream wind velocity is 8.0 m/s. There is a correlation between the 10 MW wind turbine and wind turbine model in wind tunnel such as the rotor diameter ratio of (1.6/200), the wind velocity ratio of (8/11) and the determine time scale ratio of (1.6/200 × 11/8). Therefore, the sudden wind direction change time in this wind tunnel experiment is 6 × 1.6/200 × 11/8 = 0.066 s.
The wind turbine model has to be measured in the whole angle of θe = ± 28.2°, but the rotor diameter of the tested wind turbine can't cover the entire blade when the mainstream changes from -28.2° to +28.2°. Therefore, the mainstream wind direction is divided into two cases from -28.2 o to 0° and from 0° to 28.2°. Figure 10 shows the vane array system which can generate the sudden wind direction change in the wind tunnel experiment. In this study, the performance of HAWT is measured in the range of the sudden wind direction change from +14.1° to -14.1°. This wind direction change is the angle of the flow field, θe, from 0° to -28.2°, as shown in Sang, Murata, Morimoto, Kamada, Maeda and Li, Journal of Fluid Science and Technology, Vol.12, No.1 (2017) 
Simulated extreme wind direction change
In order to validate the wind direction change condition, two-dimensional wind velocity is measured by an X-type hot wire anemometer without the test wind turbine. Figure 12 shows the variation of wind direction used to test the load fluctuation of wind turbine. The black dot line is vane angle. The blear line and dash lines show wind directions and EDC model in IEC standard. In this figure, the EDC model is started at -14.1°, because the model wind turbine is installed at the yaw angle of -14.1°. The wind direction is measured at 4 points in the rotor plane and the hub center. The wind direction can change suddenly from -14.1° to +14.1°. As shown in this figure, it has a good agreement with the results from the EDC model in IEC standard.
In this experiment, the sudden vane movement can't generate the sudden wind direction change, because the shed vortices are generated by the start and end of vane movement, only. The service valves are expanded on before and after main vane to cancel out the vortex effects. The time of sudden wind direction change is 0.066s (this time is up-grade figure section of wind direction in the fig.12 ). As the result, the total time of vane operation is 0.6 s. Therefore, the time of 0.066 s can be considered a part of the time of 0.6s. 
Load measurement of two-bladed and three-bladed wind turbines
In this study, the initial yaw angle and wind direction are set at the angle of -14.1° from the centerline of wind tunnel. In that case, the yaw misalignment angle can be changed from 0° to -28.2° with wind direction change.
The load fluctuation is predicted depending on the inflow timing of the wind direction change. The definition of azimuth angle at the wind direction change ϕWDC is shown as follows:
Where, ϕTRG is the azimuth angle at the trigger for the wind direction change equipment, ΔtWDC is the time period between the trigger and the beginning of the wind direction change at the rotor plane, and ω is the rotor rotational angular velocity.
As previously described, the optimal tip speed ratio is 7.15 for the two-bladed wind turbine and 5.62 for the three-bladed one.
The two-bladed wind turbine is set up at the rotor rotational speed of 680 rpm and the three-bladed one is 560 rpm. Figure 13 The relation of the yaw moment amplitude and the rush azimuth angle is shown in the Fig. 17 . For the averaged value of the yaw moment amplitude, the two-bladed wind turbine is about 24.14 [Nm] while the three-bladed one is approximately 17.37 [Nm] . The yaw moment amplitude of two-bladed wind turbine is about 39% and is higher than the three-bladed one. Figures 18 and 19 show the relation of the maximum pitch moment and the minimum pitch moment against rush azimuth angle.
The horizontal axis indicates rush azimuth angle, and the vertical axis represents the maximum pitch moment and the minimum pitch moment, respectively. In the Fig.18 , maximum pitching moment of the two-bladed wind turbine is higher than the three-bladed one. Fig. 16 The minimum yaw moment value for the rush azimuth angle Fig. 17 Amplitude of the yaw moment at the rush azimuth angle Fig. 18 The maximum pitch moment value for the rush azimuth angle Fig. 19 The minimum yaw moment value for the rush azimuth angle 
Conclusions
This study is intended to clarify the load variation occurring when a sudden wind change in the cases of the two-bladed and three-bladed wind turbines. A sudden wind direction change is simulated by the sudden wind direction change equipment in wind tunnel. The load fluctuation of wind turbines is measured by six-component balance. Comparing with three-bladed wind turbine, the load varying characteristics of the two-bladed one were evaluated quantitatively. In the two-dimensional airfoil performance experiment, Avistar airfoil was an estimated stable airfoil performance in the case of low Reynolds number.
The main results of the experiment about extreme changing wind direction in this research are shown as follows:
1. Wind direction change was generated by wind direction change equipment in wind tunnel illustrated a good agreement with "Extreme Direction Change (EDC)".
2. For the yaw moment amplitude, the two-bladed wind turbine was about 39% and was higher than that of the threebladed one. For three-bladed wind turbine, the fluctuation amplitude of the pitch moment has three periods during rotation for of the three-bladed wind turbine.
3. For the pitch moment magnitude with respect to rush azimuth angle, the two-bladed wind turbine had two peaks at ϕWDC = 60, 200°. The three-bladed one was shown with the behaviour of the three cycles. With respect to the averaged value of the pitch moment amplitude, there was no significant difference in the two-bladed and three-bladed wind turbines.
